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Abstract

Background: Individuals with clubfoot, treated in infancy with either the Ponseti method or
comprehensive clubfoot release, often encounter pain as adults. Multiple studies have characterized
residual deformity after Ponseti or surgical correction using physical exam, radiographs and
pedobarography; however, the relationship between residual foot deformity and pain is not well
defined. The purpose of the current study was 2-fold: (1) to evaluate the relationship between foot
morphology and pain for young adults treated as infants for idiopathic clubfoot and (2) to describe and
compare pedobarographic measures and outcome measures of pain and morphology among surgically
treated, Ponseti treated, and typically developing feet.
Methods: We performed a case-control study of individuals treated for clubfoot at 2 separate
institutions with either the Ponseti method or comprehensive clubfoot release between 1983 and
1987. All subjects (24 treated with comprehensive clubfoot release, 18 with Ponseti method, and 48
controls) were evaluated using the International Clubfoot Study Group (ICFSG) morphology scoring,
dynamic pedobarography, and foot function index surveys. During pedobarography, we collected the
subarch angle and arch index as well as the center of pressure progression (COPP) on all subjects.
Results: Foot morphology (ICFSG) scores were highly correlated with foot function index pain scores
(𝑟𝑟 = 0.43; 𝑃𝑃 < 0.001), although the difference in pain scores between the surgical and Ponseti group
did not reach significance. The surgical group exhibited greater subarch angle and arch indexes than
the Ponseti group, demonstrating a significant difference in morphology, a flatter foot. Finally, we
found more abnormalities in foot progression, decreased COPP in the forefoot and increased COPP in
the midfoot and hindfoot, in the surgical group compared with controls.
Conclusions: Measures of foot morphology were correlated with pain among all treated for clubfoot.
Compared with Ponseti method, comprehensive surgical release lead to greater long-term foot
deformity, flatter feet and greater hindfoot loading time.
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Clubfoot is a congenital foot deformity with an incidence of approximately 1 to 2 in 1000 births.1
Treatment begins in infancy with the goals being a painless, plantigrade foot that will fit into a regular

shoe, utilizing either the Ponseti method or a comprehensive clubfoot release.2,3 The Ponseti method,
now the most commonly practiced method, involves progressive manipulation, casting, and a
percutaneous heel cord tenotomy. At our institution from 1983 to 1987, a comprehensive clubfoot
release was commonly performed using a Cincinnati incision4–7 to correct residual foot deformity.8–10
Both treatment approaches demonstrated moderate11–13 to excellent long-term outcomes in
adolescents and adults.2,4,14 However, long-term results of patients treated surgically noted early-onset
arthritis and foot deformity associated with early foot disability.3,14–17
Adults treated as infants for clubfoot consistently report pain: at the ankle, along the plantar fascia,
under the metatarsal heads, or at the Achilles insertion.4,15,18 Those treated initially with surgical
release have greater pain compared with those who underwent casting, which may implicate scarring,
joint incongruity and arthrosis or foot morphology disparities.18 Previous evaluations have relied on
physical examination and plain radiographs and have not demonstrated any specific pain
source.2,15,16,18 Using pedobarography, Cavanagh19 demonstrated that only 35% of the changes in
dynamic plantar pressure can be explained by radiologic measurements of segmental foot alignment.
Pedobarography measures the dynamic loading on the plantar surface of foot relating to the
underlying skeletal alignment and foot dynamics, and can be quantified by the metrics arch index and
the center of pressure progression (COPP).20
The objectives of the current study were to (1) evaluate the relationship between foot morphology and
pain for young adults treated as infants for idiopathic clubfoot and (2) describe and compare
pedobarographic measures and outcome measures of pain and morphology among surgically treated,
Ponseti treated, and typically developing feet. We hypothesized a positive correlation between clinical
measures of foot morphology and reported pain. We additionally hypothesized that surgically treated
individuals would present with greater complaints of pain, increased residual deformity, as well as a
significantly different dynamic foot loading profile. This information provides insight into the atypical
foot morphology, loading patterns, and pain among adults treated as infants for clubfoot.

METHODS
Participants

This case-control study was approved by the institutional review boards (IRB) of our collaborating
institutions. All participants signed the IRB approved consent form before participation. This is a followup study of previously reported case-control series, which evaluated gait and patient reported
outcomes in patients treated with clubfoot.18 Pedobarographic data for 3 groups were compared: 24
individuals treated with a comprehensive clubfoot release (surgical group), 18 individuals with Ponseti
method (Ponseti group), and 48 controls (control group). Participants were included if they had a
diagnosis of idiopathic clubfoot, and underwent initial treatment at 1 of the 2 affiliated institutions
mentioned above within the first 18 months of life. The control group (29 male, 19 female; 23.2±2.4 y)
was recruited by a collaborating institution. They had no foot pain and were not previously treated for
any foot disorders. Patients with teratologic clubfeet, arthrogryposis, neurological abnormalities or
syndromes (eg, constriction bands) were excluded. Recruitment was done by phone calls and/or a
mailing to qualifying subjects, inviting them to participate in the study.

The Surgical group (17 male, 7 female; 21.8 ± 2.3 y; 11 unilateral and 13 bilateral clubfeet, 37 total
feet) all received a comprehensive posteromedial release with a Cincinnati incision7 by the same
surgeon after failed serial casting before the age of 18 months. Fourteen of the 24 participants
required an average of 2 further soft tissue and/or bony procedures for residual deformity on average
of 6.2 years following their initial surgery (Fig. 1). The Ponseti group (9 male, 9 female; 29.2 ± 5.6 y; 8
unilateral, 10 bilateral clubfeet, 28 total feet) was recruited from one of our institutions. All
participants underwent Ponseti casting beginning at 0 to 3 months of age.2 Of the 18 individuals that
underwent Ponseti casting, 15 went on to require additional surgery at an average of 3.3 years of age
(Fig. 1). Both groups were compared with the control group of healthy young adults without foot or
gait pathologies (29 male, 19 female; 23.2 ± 2.4 y). The mean age of subjects in the Ponseti group was
greater than that of the control group (29.2 ± 5.6 vs. 23.2 ± 2.4 y; 𝑃𝑃 < 0.001).

FIGURE 1. Follow-up surgical procedures performed on both treatment groups.

Foot Morphology and Pain

Foot morphology was measured using the International Clubfoot Study Group (ICFSG) from physical
examination and radiographs.21,22 The ICFSG total score ranges from 0 to 60 points, with 0 to 5
meaning “excellent,” 5 to 15 meaning “good,” 16 to 30 meaning “fair,” and 31+ meaning “poor.” The
foot function index (FFI) is a self-reporting measure that assesses multiple dimensions of foot function,
consisting of 23 items divided into 3 subscales quantifying the impact of foot pathology on pain,
disability, and activity limitations with good reliability and validity.23 The FFI is used to quantify pain on
a visual analogue scale ranging from “no pain” to “worst pain imaginable” across 9 functional items.
The pain section of the ICFSG contains 4 “yes/no” questions regarding the presence of pain during
functional activities. Higher FFI scores mean poorer pain/disability.

Dynamic Pedobarography

Dynamic pedobarography was performed using a floor-mounted Emed system (Novel, Minneapolis,
MN). Three trials (averaged) were chosen for each foot whereas the individual walked at a selfselected speed across the 144 cm ⨉ 44 cm force plate. For the treatment groups, all of the nonclubfeet
were excluded. The subarch angle was measured by drawing a line from the “deepest point” within the
arch to a point tangent on the forefoot and another line to the hindfoot (Fig. 2). For increased detail,
we used the Peter Richard Cavanagh (PRC) mask de- scribed to divide the foot into 10 diﬀerent areas:
medial and lateral hindfoot (M1, M2), medial and lateral mid- foot (M3, M4), medial, central and
lateral forefoot (M5, M6, M7), hallux (M8), second toe (M9), and lateral toes (M10) (Fig. 3).24 From the
PRC mask, the arch index was calculated. The arch index is the ratio of the midfoot area (MF) to the
area of the entire foot excluding the toes (FF+MF+HF). The center of pressure (COP), a dynamic
pedobarographic metric, represents the total ground reaction force of the foot during stance phase.
The COPP represents the duration (% stance phase) the COP lies within each segment (Fig. 4) of the
foot during loading.25 Pedobarography has previously been de- termined to be a reliable measure for
assessing foot loading patterns and COPP progression.25,26 Our speciﬁc methods were published in an
prior article.18

Data Analysis

To evaluate the relationship between foot morphology and measures of pain, a Pearson correlation
coeﬃcient was calculated between ICFSG foot morphology scores and FFI Pain scores across all
participants treated for clubfoot. One-way analyses of variance were used to determine the eﬀect of
group on pedobarographic measures: arch angle, arch index, COPP. α was set to 0.05.

FIGURE 2. Subarch angle and foot segments (hindfoot, mid- 117 foot, and forefoot).

FIGURE 3. Level of detail for contact area measured by pedobarography.

RESULTS
Participant Demographics

Comparisons of the group demographics were performed to account for age, height, and weight
diﬀerences. Wilcoxon/Kruskal-Wallis tests by group found no signiﬁcant diﬀerences in height and
weight; however, the Ponseti group was signiﬁcantly older than the surgical group at the time of
follow-up. Ponseti treatment occurred began at a mean of 12.4 days after birth (range, 1 to 90 d), and
children were treated with manipulation and casting until neutral hindfoot and forefoot alignment was
achieved. Additional manipu- lation and casting was employed if recurrence of the de- formity was
identiﬁed at follow-up clinic visit. Of the 18 patients (29 feet), 12 patients (16 feet) required isolated
corrective procedures, most commonly anterior tibial tendon transfer (TATT), without comprehensive
release at an average age of 3.3 years. Joint releases in the Ponseti group were limited to posterior
releases, and there were no cases of comprehensive posterior medial release in this group.

The Relationship Between Foot Morphology and Pain

Table 1 shows foot morphology (ICFSG) and pain (FFI) scores for individuals in both treatment groups.
The ICFSG scoring system is based on 3 major criteria, each with multiple components: (1) morphology
(eg, hindfoot varus), (2) functional evaluation (eg, equinus during gait, shoe wear), and (3) radiologic
evaluation (eg, talocalcaneal angle).21,22 Scores were sorted by reported pain (FFI) and color-coded
where scores representing no pain/or minimal-no foot deformity were highlighted in green and scores
representing the presence of pain and/or residual deformity were highlighted in red. The relationship
between foot morphology and pain was also illustrated in the scatterplot in Figure 5. Table 2 indicates
the mean ICFSG and FFI of the Ponseti and Surgical groups. A positive, moderate to substantial
correlation between ICFSG morphology score and FFI Pain score was observed (𝑟𝑟 = 0.43; 𝑃𝑃 < 0.001)
demonstrating that as foot morphology worsens, pain increases. When analyzed separately, results
from the Ponseti group (𝑟𝑟 = 0.55; 𝑃𝑃 = 0.002) but not surgical group (𝑟𝑟 = 0.30; 𝑃𝑃 = 0.07)
demonstrated this correlation.

FIGURE 4. Group averages of the maximum pressure pictures normalized for size and laterality. The center of
pressure progression was represented by a line originating at the green dot (initial contact) and ending at the
red dot (foot off).

Dynamic Pedobarography

Table 3 describes the subarch angle and arch index scores among the surgical, Ponseti, and control
groups, for which there were significant differences. In general, both treatment groups presented with
flatter feet, and the surgical group presented with flatter feet than the Ponseti group. The composite
maximum peak pressures for the surgical group (𝑁𝑁 = 36 feet), Ponseti group (𝑁𝑁 = 29), and control
group (𝑁𝑁 = 96) are shown in Figure 4. The COPP was represented by a line originating at the green dot
(initial contact) and ending at the red dot (foot off). Table 4 and Figure 6 compare the COPP among the
3 groups. When compared with the control group, the surgical group spent a greater amount of time
loading the hindfoot and midfoot during stance. The Ponseti group spent more time loading the
midfoot compared with the control group. When comparing the Ponseti and surgical groups, the
surgical group spent more time loading the hindfoot and less time loading the forefoot.

DISCUSSION

In this study, we found that increased deformity measured by ICFSG scores was well correlated to
reports of pain on the FFI, supporting our hypothesis. As far as we are aware, this is the first study to
associate foot deformity scores specifically to pain scores. Haasbeek and colleagues did not find their
radiographic findings to be predictive of pain or function, except for the lateral talocalcaneal angle, but
they measured fewer radiographic measures and correlated each separately. We did not find that the
FFI pain scores for the Ponseti group were significantly lower when compared with the surgical group,
as opposed to the SF-36 bodily pain scores in the same cohort.18 In a prior study, Ippolito et al3 found
increased pain in surgically treated patients with clubfoot. We do not know why the FFI did not
discriminate between the groups. The follow-up surgery surgical group required more follow-up
surgeries in our study (Fig. 1). The follow-up surgery rate in both groups is inconsistent in prior
literature.11,16 Morcuende et al11 noted reductions in the number of procedures in Ponseti method
with improved casting techniques. With regards to follow-up surgery in the Ponseti group, 55% of the
feet underwent subsequent TATT. The percentage of TATT varies in the literature, with Tulchin et al27
reporting 37%, and a survey of 321 POSNA members showing that 25% of respondents reported

relapse rates between 20% and 40%.28 The relatively high rate of TATT performed for the Ponseti
group reflects the state of the procedure at that time, before improved methods were developed
which lowered the rate. In our view, TATT in some cases is an inevitable part of the Ponseti method.
TABLE 1.
Surgical Group
Subjects
FFI
Pain
s020
0
s020
0
s006
0
s006
0
s013
1
s004
2
s004
2
s002
4
s002
4
s005
4
s010
13
s010
13
s023
15
s009
19
s003
22
s021
22
s007
24
s018
24
s007
24
s019
30
s019
30
s024
31
s024
31
s008
31
s008
31
s022
32
s012
32
s011
32
s012
32
s011
32
s014
43
s001
48
s017
64
s015
67
s015
67
s016
86
s016
86

ICFSG
Morphology
2
2
3
5
4
1
2
2
4
4
2
6
2
5
2
4
3
4
5
3
5
1
2
5
9
8
1
2
3
5
2
5
5
4
6
3
6

Ponseti Group
Subjects
FFI
ICFSG
Pain Morphology

s103
s117
s102
s103
s109
s113
s113
s117
s118
s118
s102
s101
s115
s105
s112
s112
s111
s111
s107
s107
s110
s110
s108
s108
s104
s104
s116
s106
s114
s114

0
0
0
0
0
0
0
0
0
0
0
2
2
4
6
6
17
17
21
21
25
25
37
37
38
38
41
51
63
63

1
1
2
2
2
2
2
2
2
2
4
2
2
2
2
3
2
3
0
7
2
3
3
5
2
2
11
7
4
5

Pearson Correlation (r ) = 0.43 P < 0.001
Ponseti group: r =0.55, P =0.002
Surgical group: r =0.30, P =0.07
Red = Higher scores

Green = Lower scores

FIGURE 5. Scatterplot of foot morphology versus pain scores.

TABLE 2. FFI and ICFG Scores
Surgical Group
(𝑛𝑛 = 37)
FFI pain index (𝑃𝑃 = 0.69) 27.0
ICFSG scores (𝑃𝑃 = 0.15)
3.7

Ponseti Group
(𝑛𝑛 = 30)
17.1
3.0

No diﬀerences between groups.

The arch index of our study for the control group was consistent with the prior evaluation at 0.230.29
Both the surgical and Ponseti groups in our study demonstrated increased subarch angles and arch
indices (flatter feet) from the control group, with the surgical group exhibiting greater increases.
Greater arch indices have been associated with foot pain in multiple studies and have been
hypothesized to lead to excessive loading of the midfoot.30–32 The most common residual deformity in
clubfoot, after either conservative or comprehensive surgical release, is diminished ankle
dorsiflexion.14,18 Often the foot will not dorsiflex much past neutral. This results in increased forefoot
pressure during second rocker as the shank progresses over the plantar flexed ankle.
Finally, the current study showed that the surgical group spent more time loading the midfoot and less
time loading the forefoot. Similarly, Huber and Dutoit33 found that adults who underwent surgical
correction for clubfoot as infants presented with a center of pressure path consistent with a foot in
pronation. As power is generated through the product of angular velocity and torque,18,34 increased
time spent loading the midfoot versus the forefoot has a negative impact on the maximum torque, due
to a shortened lever arm and/or decreases the angular velocity at the ankle. The negative impact on
these biomechanical characteristics reduces ankle power generation, and results in a less efficient gait
pattern. The Ponseti group in the present study showed only increased COPP in the midfoot compared
with controls, and consistent with a prior study but which also showed reduced peak pressure in the
hindfoot.35
TABLE 3. Subarch Angle and Arch Index
Surgical Group Ponseti Group Control Group

Subarch angle
Arch index

131.7*,†
0.32*,†

107.8*,†
0.27*,†

100.2
0.22

*Signiﬁcant diﬀerence from control group (𝑃𝑃 < 0.05).
†Signiﬁcant diﬀerence between Ponseti group and surgical group (𝑃𝑃 < 0.05).

TABLE 4. Center of Pressure Progression—Percentage of Stance Phase the Center of Pressure is Within
Each Segment
Foot Segment Surgical Group Ponseti Group Control Group
Forefoot
30.2*,†
43.5†
46.5
Midfoot
35.1*
31.2*
23.0
Hindfoot
34.5*,†
25†
29.6

*Signiﬁcant diﬀerence from control group (𝑃𝑃 < 0.05).
†Signiﬁcant diﬀerence between Ponseti group and surgical group (𝑃𝑃 < 0.05).

There are limitations of this study. First, there was no pretreatment clubfoot severity classification. All
patients’ treatment predated introduction of Pirani or Dimeglio classifications in 1995; therefore, no
record of pretreatment severity was available for severity comparison. The study population was
drawn from the same Midwestern region. A potential source of bias exists in that the treatment
philosophies of the 2 institutions were different at the period of time when those patients were
treated initially. The subjects in the Ponseti group were treated at an institution considered to be a
global leader in training and educating health care providers on treatment for congenital clubfoot. The
surgically-treated subjects were treated at a separate institution where surgery was performed
following failed conventional casting treatment after a period of time. In addition, foot pain reporting
was limited to intensity and did not include additional important characteristics such as location,
frequency, and duration. This study could not discriminate between the contributions of foot shape
joint incongruity and arthrosis, and weakness toward overall pain as disability in young adults. The
reliability of the study did benefit from having all the subjects from our collaborating institutions tested
using the same protocol.

Our study shows that foot morphology after clubfoot treatment is correlated with pain. More
deformed feet exhibit greater reports of pain. Surgical correction of clubfoot, when compared with
Ponseti casting, leads to greater foot deformity, flatter feet with increased COPP toward the hindfoot.
The Ponseti method seems to result in decreased arch angles that are closer to typically developing
feet, but still pain in Ponseti treated feet also correlates with atypical foot morphology and foot
segment loading profile.14,18 Further inquiries could evaluate the relationship between individual
pedobarographic metrics and measures of pain. In addition, topics of interest could include
biomechanics of casting versus surgical correction, identifying specific pain loci, the underlying tissue
properties of the clubfoot, the kinematics and kinetics of the foot during foot contact, and testing a
causal relationship between specific foot deformities and pain. Further treatment goals of clubfoot
treatments should be improvement of ankle power and range of motion and maintaining a functional
arch of the foot.

FIGURE 6. Contact area pressures with respect to areas of the feet among the 3 groups.
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